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HIGHLIGHTS 


•  FeC03  micro-rhombohedra  are  uniquely  obtained  via  a  hydrothermal  route. 

•  Synthetic  siderite  can  serve  as  a  high-capacity  lithium  ion  battery  anode. 

•  The  120th  discharge  capacity  is  as  high  as  1018  mAh  g  1  at  200  mA  g-1. 

•  The  excellent  lithium  storage  capability  of  FeC03  has  been  investigated. 
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Natural  siderite  is  a  valuable  iron  mineral  composed  of  ferrous  carbonate  (FeC03),  which  is  commonly 
found  in  hydrothermal  veins  and  contains  no  sulfur  or  phosphorus.  In  this  paper,  micro-sized  FeC03 
crystallites  are  synthesized  via  a  facile  hydrothermal  route,  and  almost  all  of  them  possess  a  rhombo¬ 
hedral  shape  similar  to  that  of  natural  products.  When  applied  as  an  anode  material  for  lithium  ion 
batteries,  the  synthetic  siderite  can  deliver  an  initial  specific  discharge  capacity  of  ~  1587  mAh  g-1  with  a 
coulombic  efficiency  of  68%  at  200  mA  g-1,  remaining  a  reversible  value  of  1018  mAh  g-1  over  120  cycles. 
Even  at  a  high  current  density  of  1000  mA  g-1,  after  120  cycles  the  residual  specific  capacity  (812  mAh  g 
-1)  is  still  higher  than  the  theoretical  capacity  of  FeC03  (463  mAh  g-1).  Moreover,  a  novel  reversible 
conversion  mechanism  accounts  for  the  excellent  electrochemical  performances  of  rhombohedral  FeC03 
to  a  great  extent,  implying  the  potential  applicability  of  synthetic  siderite  as  lithium  ion  battery  anodes. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium  ion  battery  (LIB)  is  one  of  the  most  promising  energy 
storage  devices,  due  to  its  high-capacity  and  high-power  properties 
[1,2].  Thus,  the  exploration  or  development  of  an  electrode  material 
with  low  cost,  facile  preparation  and  excellent  safety  has  become  a 
hot  research  topic  [1,3,4],  such  as  that  of  natural  graphite  or  arti¬ 
ficially  synthesized  nanostructured  carbons.  As  for  transition  metal 
oxysalts  (e.g.,  oxalate  and  carbonate)  applied  as  LIB  anodes  [5-15], 
the  observed  high-performance  features  arouse  us  to  further 
investigate  the  controversial  lithium  storage  mechanisms  and  a 
possible  structure-function  relationship  for  practical  purposes. 

According  to  the  well-accepted  lithium  storage  mechanism  of 
transition  metal  oxysalts  reported  in  literature  [16],  the  lithiation- 
delithiation  process  can  be  similarly  assigned  to  a  reversible 
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conversion  between  transition  metal  oxysalt  and  transition  metal. 
Up  to  date,  it  is  still  ambiguous  to  know  the  exact  reason  why  the 
always  observed  reversible  capacity  (or  capacity  retention)  is 
higher  than  the  theoretical  value  calculated  from  electrochemical 
reactions  [6,8,9].  For  example,  the  theoretical  capacities  of  MnC03 
and  C0C2O4  are  466  and  365  mAh  g-1,  while  the  corresponding 
reversible  values  can  reach  750  (2nd  cycle,  at  C/4,  C  =  1  Li 
fr1  mol-1)  and  900  mAh  g-1  (40th  cycle,  at  2C),  respectively  [6,8]. 
It  has  been  proved  that  the  extra  capacity  could  be  ascribed  to  the 
capacitive  contribution  of  Faradic  and  non-Faradic  reasons 
[6,8,17,18].  By  comparing  the  theoretical  capacity  of  chemical  for¬ 
mula  C0CO3  (451  mAh  g-1)  with  the  detected  reversible  capability 
of  synthetic  C0CO3  microcubes  (~900  mAh  g-1),  a  plausible  cata¬ 
lytic  conversion  mechanism  has  been  proposed:  the  reversible 
redox  reaction  between  C4+  in  CO§-  and  its  low  valence  states  (e.g., 
C2+  and  C°)  under  the  catalysis  of  metallic  nanoparticles  [9,19]. 
Although  the  alkali  metal  carbonates  (e.g.,  U2CO3  and  Na2C03)  are 
inactive  for  lithium  storage,  the  continuous  discharge-charge 
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cycling  of  C0CO3  can  induce  the  formation  of  Li2C03  and  Li20  in 
sequence  [15,19,20].  Furthermore,  to  explain  the  high-capacity 
feature  of  CoC03-polypyrrole  composites  [15],  the  similar  two- 
step  conversion  mechanism  has  been  further  proved,  shown  as 
below. 

CoC03  +2Li~Co  +  Li2C03  (1) 

Li2C03  +  (4  +  0.5x)Li~3Li2O  +  0.5(LixC2)  (x  =  0,1,2)  (2) 

In  fact,  siderite  FeC03  is  a  low-cost  and  nontoxic  transition  metal 
carbonate  in  comparison  with  C0CO3  and  MnC03,  which  is  a  valu¬ 
able  iron  mineral  found  in  hydrothermal  veins  [21  ].  Rambutan-like 
FeC03  nanostructures,  i.e.,  the  hollow  microspheres  composed  of 
~7.2  nm  nanofibers,  have  been  applied  as  LIB  anodes  recently, 
possessing  a  high  reversible  capacity  of  ~710  mAh  g-1  over  200 
cycles  at  200  mA  g_1  [14].  Aroused  by  this,  herein  the  hydrother- 
mally  synthesized  FeC03  micro-rhombohedra  are  also  used  as 
anode  active  substances,  amazingly  exhibiting  the  120th  specific 
discharge  capacity  of  1018  mAh  g-1  at  200  mA  g-1.  These  should 
relate  to  a  novel  electrochemical  reaction  mechanism  of  FeC03 
towards  metal  lithium,  which  will  be  discussed  in  details  in  context. 

2.  Experimental 

2.1.  Synthesis  of  rhombohedral  FeC03 

All  the  chemicals  are  of  analytic  grade  and  ultrapure  water 
(18.2  MQ  cm)  was  used  throughout  the  solution  preparation.  Firstly, 
solid-state  ferrous  sulfate  heptahydrate  FeS04-7IT20  (1.0  mmol), 
ammonium  carbonate  (NH4)2C03  (5.0  mmol)  and  ascorbic  acid 
(1.0  mmol)  were  sequentially  added  into  ultrapure  water  (40.0  mL) 
under  stirring  at  room  temperature.  Secondly,  the  resulting  sus¬ 
pension  was  transferred  into  a  50-mL Teflon-lined  autoclave,  which 
was  sealed  and  allowed  to  stand  still  in  a  thermostatic  chamber  at 
160  °C  for  15  h.  Finally,  the  autoclave  was  cooled  to  room  temper¬ 
ature,  and  the  precipitates  were  collected  by  centrifugation, 


washed  with  ultrapure  water  then  absolute  alcohol  for  3  times  and 
then  dried  at  80  °C  for  10  h. 

2.2.  Structural  characterization 

X-ray  diffraction  (XRD)  measurements  were  performed  using  a 
Rigaku  D/max-2400  powder  X-ray  diffractometer  with  Cu-Ka  ra¬ 
diation  (40  kV,  120  mA),  and  a  0.08°  step  (25  s)  and  the  26  range  of 
10-80°  were  selected  to  analyze  crystal  phase.  Samples  were  Pt- 
coated  prior  to  examination  using  a  JEOL  JSM-6700F  scanning 
electron  microscope  (SEM),  fitted  with  a  field  emission  source  and 
operating  at  an  accelerating  voltage  of  15  kV.  X-ray  photoelectron 
spectroscopy  (XPS)  measurements  were  performed  on  a  VG  Sci¬ 
entific  ESCALAB  220i-XL  electron  spectrometer  using  Al  Ka 
radiation. 

2.3.  Electrochemical  measurements 

After  dispersing  the  rhombohedral  FeC03,  acetylene  black  and 
sodium  alginate  at  a  weight  ratio  of  80:10:10  in  ultrapure  water,  the 
resulting  homogeneous  slurry  was  pasted  onto  a  pure  copper  foil 
and  dried  at  80  °C  for  12  h.  And  then,  the  foil  was  cut  into  discs 
(12  mm  in  diameter)  and  used  as  working  electrodes  with  a  loading 
density  of  2.2  ±  0.4  mg  cm-2.  Lithium  metal,  nickel  foam,  glass  fi¬ 
bers  and  commercial  LBC  305-01  LiPF6  solution  (Shenzhen  Xinz- 
houbang)  were  used  as  counter  electrode,  current  collector, 
separator  and  electrolyte,  respectively.  CR2032-type  coin  cells  were 
assembled  in  an  argon-filled  glove  box. 

Galvanostatic  cycling  tests  were  conducted  on  an  LAND 
CT2001A  system  (Wuhan  Landian)  in  the  voltage  range  of  0.01- 
3.0  V  (vs.  Li+/Li  and  the  same  below).  Cyclic  voltammetry  (CV) 
measurements  were  performed  on  an  LI<  2005A  Electrochemical 
Workstation  (Tianjin  Lanlike)  within  the  potential  range  of  0.01  and 
3.0  V  at  0.1  mV  s_1.  To  investigate  the  reaction  mechanism  of  FeC03 
with  lithium,  galvanostatic  cycling  tests  were  stopped  at  an 
appropriate  time  and  cells  were  unpacked  in  an  air-atmosphere 


Fig.  1.  (a)  XRD  pattern,  (b)  unit  cell  scheme  and  (c,  d)  SEM  images  of  FeC03  rhombohedra  obtained  via  a  hydrothermal  route. 
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Fig.  2.  (a)  Cycling  stability  and  (b)  high-rate  performance  of  rhombohedral  FeC03  electrodes  operated  at  different  current  densities. 


ventilating  cabinet.  And  then,  the  anode  active  substances  were 
quickly  washed  with  a  sufficient  amount  of  ethanol,  dried  at  80  °C 
for  12  h,  and  used  for  XPS  measurements. 

3.  Results  and  discussion 

In  crystallography,  crystalline  FeC03  is  isostructural  with  the 
thermodynamically  stable  phase  of  anhydrous  calcium  carbonate 
(i.e.  calcite),  belonging  to  the  hexagonal  system  and  the  Dfd  space 
group  (R3C).  As  far  as  the  synthesis  procedure  is  concerned, 
siderite,  there  is  no  cationic  substitutes  for  the  iron  (II)  of  hydro- 
thermal  product,  the  corresponding  XRD  pattern  (Fig.  la)  should 
coincide  with  the  standard  data  of  rhombohedral  FeC03  crystals 
(a  =  4.69  A;  c  =  15.37  A;  JCPDS  No.  12-0531).  According  to  the 
schematic  drawing  of  a  unit  cell  of  crystalline  FeC03  (Fig.  lb),  each 
Fe  atom  and  its  6  adjacent  O  atoms  from  different  CO3-  groups 
construct  a  Fe06  octahedron.  Also,  each  C  atom  and  its  3  adjacent  O 
atoms  at  the  same  plane  form  a  CO3  equilateral  triangle,  which  is 
perpendicular  to  the  z-axis.  Resembling  the  structure  of  crystalline 
siderite,  the  synthetic  sample  is  rhombohedral  in  shape  and  pos¬ 
sesses  6  striated  faces. 

SEM  observation  displays  that  the  hydrothermally  obtained 
samples  are  rhombohedral  crystallites  (Fig.  lc).  By  statistic  analysis, 
these  rhombohedra  give  an  average  size  of  1.4  ±  0.2  pm.  Further¬ 
more,  Fig.  Id  clearly  shows  that  each  FeC03  micro-particles  possess 
6  rough  faces.  This  is  in  agreement  with  the  fact  that  natural 
siderite  rhombohedra  generally  possess  curved  and/or  striated 
faces  outside.  Probably,  both  the  synthetic  and  natural  rhombo¬ 
hedra  are  aggregates  composed  of  tiny  nanoparticles. 

When  the  synthetic  siderite  is  tentatively  applied  as  an  LIB 
anode,  within  0.01  and  3  V  the  plots  of  discharge-charge  capacities 
against  cycle  numbers  are  shown  in  Fig.  2a.  At  a  current  density  of 
200,  400  or  1000  mA  g-1,  the  as-prepared  FeC03  micro- 
rhombohedra  can  demonstrate  a  high  initial  discharge  capacity  of 


- 1587, 1421  or  1324  mAh  g-1  and  a  high  coulombic  efficiency  of 
~  68%,  70%  or  71%.  It  is  well-known  that  the  initial  capacity  loss  can 
be  attributed  to  the  formation  of  solid  electrolyte  interface  (SEI) 
films  and/or  electrolyte  degradation  [22].  Fig.  2a  further  presents 
the  120th  reversible  capacities  of  1018, 909  and  812  mAh  g_1  at  the 
current  rates  of  200,  400  and  1000  mA  g-1.  That  is,  even  at 
1000  mA  g_1  the  residual  value  is  much  higher  than  the  theoretical 
capacity  of  FeC03  (-463  mAh  g-1).  According  to  literature  results 
[6,9,14],  the  25th  discharge  capacity  of  MnC03  is  -450  mAh  g  1  at 
C/4,  the  40th  reversible  value  of  graphene-doped  C0CO3  is  ca. 
744  mAh  g-1  at  200  mA  g-1,  and  the  200th  discharge  capacity  of 
hollow-spherical  FeCC>3  is  as  high  as  710  mAh  g  1  at  200  mA  g_1. 
Therefore,  the  electrochemically  cycling  stability  of  rhombohedral 
FeC03  is  excellent. 

Fig.  2b  shows  the  rate  performance  of  a  rhombohedral  FeC03 
electrode  cycled  within  the  potential  range  of  0.01  and  3  V.  The 
observed  discharge  capacity  (or  charge  capacity)  gradually  de¬ 
creases  with  the  increasing  current  rate  from  100  to  1600  mA  g_1. 
Upon  cycling,  the  average  coulombic  efficiencies  are  estimated  to 
be  -99  and  -100%  at  400  and  1600  mA  g-1,  respectively.  Also 
shown  in  Fig.  2b,  when  current  density  returns  from  1600  to 
400  mA  g1,  the  corresponding  discharge  capacity  recovers  from 
314.6  (the  50th  cycle)  to  866.5  mAh  g-1  (the  52nd  cycle).  These, 
together  with  the  high  cycling  performance  shown  in  Fig.  2a, 
suggest  a  novel  electrochemical  reaction  mechanism  of  the  syn¬ 
thetic  siderite  towards  metal  lithium. 

To  deal  with  the  electrochemical  reactivity  of  FeCCU,  at  the 
current  density  of  200  mA  g-1  parts  of  the  voltage  profiles  are 
shown  in  Fig.  3a,  and  at  a  scanning  rate  of  0.1  mV  s-1  the  CV  be¬ 
haviors  of  a  FeC03  electrode  are  shown  in  Fig.  3b.  During  the  1st 
discharging  process,  the  open-circuit  potential  (-2.2  V)  decreases 
sharply  to  0.57  V,  followed  by  a  long  voltage  plateau  around  -  0.5  V 
(Fig.  3a).  Correspondingly,  there  appears  a  wide  CV  peak  in  the 
voltage  range  of  0.75-0.20  V  in  the  1st  cathodic  process  (Fig.  3b). 


Fig.  3.  (a)  Representative  discharge-charge  voltage  profiles  and  (b)  cyclic  voltammetry  (CV)  curves  of  FeC03/Li  cell  operated  at  200  mA  g  1  and  scanned  at  0.1  mV  s  \  respectively. 
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Fig.  4.  XPS  spectra  of  (a)  Fe2p  and  (b)  Cis  for  pristine  FeC03  and  its  electrochemical  cycled  products. 


This  indicates  both  the  formation  of  SEI  films  and  the  lithiation  of 
FeC03  rhombohedra  9,18,22],  and  the  initial  electrochemical  re¬ 
action  of  FeC03  with  Li  can  be  simply  described  as  the  Equation  (3). 


FeC03  +  2Li+  +  2e“  — >  Fe  +  Li2C03  (3) 

There  is  no  clear  voltage  plateau  in  the  1st  galvanostatic 
charging  process  (Fig.  2a),  however,  there  are  two  CV  peaks  and  a 
shoulder  in  the  1st  anodic  process  (Fig.  2b).  As  shown  in  Fig.  2b,  the 
peak  at  -  1.60  V  and  its  wide  shoulder  around  1.90  V  may  be  suc¬ 
cessively  assigned  to  the  gradual  change  in  iron  oxidation  state  (i.e., 
Fe°  — ►  Fe2+  -►  Fe3+)  [23,24],  while  the  current  intensity  of  another 
peak  (~1.23  V)  gradually  decreases  along  with  the  continuous 
potential  scanning  and  then  completely  disappears  in  the  10th 
anodic  process.  As  far  as  we  know,  the  CV  peak  at  - 1.23  V  in  the  1  st 
anodic  process  is  presently  unknown,  which  needs  to  be  further 
conducted. 

Also  shown  in  Fig.  2b,  there  appear  two  peaks  at  -1.10  and 
-0.75  V  for  the  2nd  cathodic  process,  corresponding  to  the  reverse 
change  in  iron  oxidation  state  (i.e.,  Fe3+  — ►  Fe2+  -*  Fe°).  In  the  10th 
galvanostatic  discharging  process,  a  clear  and  stable  voltage  plateau 
at  - 1.0  V  can  be  observed  (Fig.  2a),  corresponding  to  the  lonely  CV 
peak  at  -0.85  V  in  the  10th  anodic  process  (Fig.  2b).  It  should  be 
mentioned  that,  after  the  10th  cathodic-anodic  cycle,  subsequent 
CV  curves  have  almost  no  shape  changes  (Data  omitted)  and  indi¬ 
cate  reversible  redox  reactions  thereafter. 

To  clarify  the  novel  electrochemical  activity  of  rhombohedral 
FeC03  towards  metal  Li,  parts  of  the  cycled  Li/FeC03  cells  are 
unpacked,  and  the  corresponding  products  are  measured  using  XPS 
method.  For  a  comparison  purpose,  XPS  profiles  of  pristine  FeC03 
and  its  electrochemical  derivatives  collected  shortly  after  the  1st 
and  10th  discharge-charge  cycles  are  presented  in  Fig.  4.  XPS  result 
of  as-prepared  FeC03  coincides  well  with  that  of  the  commonly 
accepted  standard  as  reported,  clearly  showing  both  the  original  Fe 
2p  (i.e.,  2p3/2  -  710.2  eV  and  2pi/2  -  723.7  eV)  peaks  (Fig.  4a)  and 
the  redefined  Cis  peaks  at  284.5  and  289.4  eV  (Fig.  4b),  respectively 
[25]. 

As  shown  in  Fig.  4a,  after  the  initial  discharge-charge  cycle  the 
Fe  2p3/2  and  2pi/2  peaks  of  pristine  FeC03  experience  a  slight  shift 
to  711.1  and  725.0  eV,  respectively.  Rapidly  after  the  10th  cycle,  XPS 
measurement  of  the  cycled  FeC03  merely  displays  the  Fe  2p3/2  peak 
at  711.1  eV,  indicating  both  the  complete  lithiation  of  micro-sized 
rhombohedra  and  the  formation  of  unknown  Fe3+-based  de¬ 
rivatives  26].  In  Fig.  4b,  the  Cis  XPS  characteristics  of  different  C- 
containing  groups  are  also  marked  therein  [9,27,28]:  C— C,  at  284.3 
or  284.5  eV;  COT  in  FeC03  or  U2C03.  at  289.4/289.9  or  288.7  eV; 
C=0/C— F,  at  286.1  or  286.6  eV;  and  Li2C2  (or  LiC),  at  282.3  eV.  Aside 
from  the  surface  behaviors  of  conductive  additive  acetylene  black 
and  polymeric  binder,  the  detailed  measurements  of  cycled  C0CO3 


suggest  a  novel  electrochemical  activity  of  FeC03  towards  metallic 

Li  [9,15,20,29]. 

In  comparison  with  the  theoretical  capacity  of  FeC03 
(463  mAh  g-1),  the  electrochemical  oxidation  of  Fe°  to  Fe3+  merely 
corresponds  to  a  relatively  high  value  of  694  mAh  g-1.  Namely,  this 
can  hardly  explain  the  practical  capacity  of  -1000  mAh  g_1  oper¬ 
ated  at  200  mA  g-1.  Basing  on  the  results  listed  above,  the 
extremely  high  capacity  of  rhombohedral  FeC03  may  be  attributed 
to  the  following  aspects:  (i)  an  initially  incomplete  reversible  re¬ 
action  for  the  generation  of  Fe  and  L^CC^;  (ii)  the  subsequently 
reversible  redox  reaction  of  Fe°  <-►  Fe3+;  (iii)  the  simultaneous 
reversible  redox  reactions  between  high-valence  (e.g.,  C4+  in  Li2C03 
and  sodium  alginate)  and  low- valence  C  (e.g.,  C°  in  acetylene  black 
and  C-1  in  Li2C2);  (iv)  the  capacitive  contribution  of  surface  charge 
storage. 

4.  Conclusions 

Rhombohedral  FeC03  (or  synthetic  siderite)  has  been  facilely 
synthesized  by  a  hydrothermal  method,  possessing  an  average  size 
of  1.4  ±  0.2  pm.  Tentatively  applied  as  LIB  anodes,  the  excellent 
durability  and  high-rate  performance  of  these  micro-rhombohedra 
can  be  reproducibly  observed.  Even  at  1000  mA  g  \  the  reversible 
capacity  (-800  mAh  g-1)  is  still  higher  than  the  theoretical  ca¬ 
pacity  of  FeC03  (463  mAh  g-1).  As  for  the  novel  electrochemical 
activity  of  FeC03  towards  metal  lithium,  the  simultaneous  forma¬ 
tion  of  unknown  Fe3+-containing  derivatives  and  possible  C_1- 
containing  Li2C2  incompletely  answers  the  high-capacity  charac¬ 
teristics  of  FeC03  (e.g.,  the  120th  reversible  value  -1000  mAh  g-1 
at  200  mA  g-1).  Therefore,  the  lithium  storage  mechanism  of  FeC03 
needs  to  be  further  conducted  in  future. 
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